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FOREWORD

Cathodic protection (CP), the technology used to mitigate corrosion of metals embedded in concrete, is
the only rehabilitation technique that has been proven to stop corrosionin salt-contaminated bridge
decks regardless of the chloride content of the concrete. This technology is based on the principle of
gpplying an externd source of current to counteract the interna corrosion current produced in
reinforced concrete components. During CP, current flows from an auxiliary anode materia through
the dectrolyte (concrete) to the surface of the reinforcing sted.

Various materids in various configurations are used as auxiliary anodes for CP resulting in various types
of CP sysems. The sdlection of the anode materid and its configuration is paramount to the success of
the syssem. The primary objective of this 5-year sudy was to determine the effectiveness of various
materials and configurations when they are used as auxiliary anodes on highway structures during a
long-term evauation.

The findings of the Sudy summarize the protection provided by the systems evduated and estimate the
expected sarvice life for the anode materias in smilar environments. This report will be of interest to
engineersinvolved in bridge design, bridge performance evauation and prediction, and bridge
maintenance and rehabilitation.

T. Paul Teng, PE.
Director, Office of Infrastructure
Research and Devel opment

NOTICE

This document is disseminated under the sponsorship of the Department of Transportation in the
interest of information exchange. The United States Government assumes no liability for its contents or
use thereof. Thisreport does not congtitute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers. Trade and

manufacturers names appear in this report only because they are considered essentid to the object of
the document.
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EXECUTIVE SUMMARY

Cathodic protection (CP) is a technology used to mitigate corrosion of metals embedded in concrete.
Based on extensive Government and private industry research, the Federa Highway Adminigtration
(FHWA) concluded that CP is the only rehabilitation technique that has been proven to stop corrosion
in salt-contaminated bridge decks regardiess of the chloride content of the concrete. This technology is
based on the principle of applying an externa source of current to counteract the interna corrosion
current produced in reinforced concrete components. During CP, current flows from an auxiliary
anode materid through the eectrolyte (concrete) to the surface of the reinforcing stedl.

Vaious materids in various configurations are used as auxiliary anodes for CP, resulting in various
types of CP systems. The selection of the anode materia and its configuration is critica to the success
of the sygem. The primary objective of this study was to determine the effectiveness of various
materias and configurations when used as auxiliary anodes on highway structures during along-term
evauation.

Twenty highway structures (19 bridges and one tunnel) protected by one or more CP system(s) were
included in this study. The structures were located in 11 States and one Canadian Province. These
structures were protected by atotal of 19 impressed-current and 5 galvanic CP systems. The following
types of systems were monitored for a period of 5 years:

1. | mpressed-current:
(b) Arc-sprayed zinc
(© Zinc gripes
(d) Titanium mesh
(e Titanium ribbon
@ Arc-sprayed titanium
()} Conductive coating
(h) Conductive polymer dotted
0] Conductive polymer mounded
0] Conductive coke asphalt

2. Gavanic cathodic protection systems:
a) Arc-sprayed zinc
b) Expanded zinc mesh
) Zinc foil with adhesive

Based on the age of the system, three to eight eva uations were planned for each Structure. Most of the
structures were selected by FHWA based on previous studies performed under the Strategic Highway
Research Program (SHRP). Additional structures were added to the program as they became known
to the research team. Structures that could not be properly evaluated were excluded from the study.

Vi



This study was funded under the continuation of the SHRP program.

Findings

A summary of the findings of this sudy is presented in tabular form below. Thefirst four columns
provide information on the systems evaduated in this sudy. The fifth column provides arating for the
protection provided by the systems (i.e., excdllent, good, fair, or poor). Based on the results of this
study and the experience of the authors, an estimate of expected service life for the anode materiasin
amilar environmentsis presented. In this summary, the protection provided by the system is based on
the actual operation of the systlem. On some structures, the systems were operated at insufficient output
current and this resulted in poor performance. If these system had been operated at higher output
currents, their performance would have been rated higher.

Tablel. Summary of findings

Anode Material & Environment | No. of | Ageof Protection Estimated
Configuration Systems | Systems Provided ServicelLife

(years) (years)

Impressed-current Cathodic Protection Systems

Arc-sprayed zinc Semi-marine & 2 2 Poor® 10to 15

deicing

Arc-sprayed zinc Marine 1 Excellent 7to12

Arc-sprayed zinc Deicing 1 Not determined® 10to 15

Titanium mesh Deicing 3 6to 12 Excellent >25

Titanium mesh Marine 1 Excellent >25

Titanium ribbon Deicing 1 Excellent 15t0 25

Arc-sprayed titanium Semi-marine & 1 Poor® Not determined®

deicing

Arc-sprayed titanium Marine 1 1 Poor Failed in 1 year

Conductive paint Deicing 2 4109 Good 5to 10

Conductive polymer dotted Deicing 1 12 Fair 5to 10

Conductive polymer Deicing 1 15 Poor 5to 10

mounded

Coke breeze Deicing 3 5t09 Excellent 10to 15

Galvanic Cathodic Protection Systems

Arc-sprayed zinc Marine Excellent 7to 10

Zinc foil with adhesive Deicing 1 Excellent 7to 10

Expanded zinc mesh & Marine 3 Good 15t0 20

bulk

viii




1 Systems operated at insufficient current output.
@ No instrumentation installed to allow determination.
® System operated intermittently to allow proper evaluation.

1.0. INTRODUCTION

Cathodic protection (CP) is atechnology used to mitigate corrosion of metals and has been used on
ships and pipelines for many decades. Thefirst use of this technology on abridge deck dates back to
1973.9 Based on extensive Government and private industry research, the Federa Highway
Adminigration (FHWA) concluded that CP isthe only rehabilitation technique that has been proven to
stop corrosion in salt-contaminated bridge decks regardiess of the chloride content of the concrete.®
Thistechnology is based on the principle of gpplying an externa source of current to counteract the
interna corrosion current produced in reinforced concrete components. During CP, current flows from
an auxiliary anode materid through the dectrolyte (concrete) to the surface of the reinforcing sted!.

Vaious materias in various configurations are used as auxiliary anodes for CP, resulting in various
types of CP systems. The selection of the anode materid and its configuration is critica to the success
of the sysem. The primary objective of this Sudy was to determine the effectiveness of various
materids and configurations when used as auxiliary anodes on highway structures during a long-term
evauation.

The secondary objective of this research was to identify the most gppropriate |aboratory and field test
method(s) for evauating and monitoring the performance of CP systems.

Twenty highway structures (19 bridges and one tunnel) protected by one or more CP system(s) were
included in this study. The structures were located in 11 States and one Canadian Province. These
structures were protected by atota of 19 impressed-current and 5 gavanic CP systems. The following
types of systems were monitored for a period of 5 years:

1. I mpressed-current:
@ Arc-sprayed zinc
(b) Zinc gripes

(© Titanium mesh

(d) Titanium ribbon

(e Arc-sprayed titanium

® Conductive coating

()] Conductive polymer dotted
(h) Conductive polymer mounded
0] Conductive coke asphalt

2. Gavanic cathodic protection systems:
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@ Arc-sprayed zinc
(b) Expanded zinc mesh
(© Zinc fall with adhesive

Based on the age of the system, three to eight eva uations were planned for each Structure. Most of the
structures were selected by FHWA based on previous studies performed under the Strategic Highway
Research Program (SHRP). Additional structures were added to the program as they became known
to the research team. Structures that could not be properly evauated were excluded from the study.
This study was funded under the continuation of the SHRP program. Because the last ingtdlment of
funds was not available to the project, two to sSix evauations were actualy performed. When possible,
two trips were scheduled in smilar seasons to dlow a comparison of data from smilar temperature and
moisture conditions. Only sections of highway structures protected by the CP system were evauated
on each structure.

During each evduation, visud and delamination surveys were performed when possible. The operating
condition of al system components was documented and polarization and/or depolarization testing was
performed. When present, current flow in null probes and current probes was measured. Rectifier
datafor al impressed-current systems was documented on arrival and at departure from the ste.
Cores were collected during select evauations to ascertain the chloride ion content in areas protected
by the CP system. On some structures, controls were established to alow comparison between
protected and unprotected areas. In such cases, the designated control areas were surveyed for
visually observable damage and the presence of delaminations.

The ability of CP technology to stop corrosion iswell established, so the focus of this effort was to
ascertain the effectiveness of each materid and configuration to serve as an anode for CP of reinforced
concrete bridge structures. In order to evauate the effectiveness of amaterid in a particular
configuration, the desgn and ingtalation of the system were reviewed first, when available, to ensure
that flaws had not predestined the system to fail. Next, monitoring and maintenance of the system,
when available, were reviewed to ensure that the system had been operated and maintained in a manner
in which the system could be effective in mitigating corrosion.

Although a sgnificant amount of data has been collected during this sudy, andysis of the data was
limited to ascertaining the long-term performance of the CP systems. In the interest of brevity, only the
data necessary to support the findings of the study are presented in the report. Data from test methods
to ascertain the condition of system components are not provided, and only conclusions drawn from the
data are discussed. Only when such data were considered to be informative or unique were they
included.



2.0. TEST METHODS

In this study, standard test methods and generaly accepted industry practices were used in eva uating
the long-term performance of the CP systems. Under certain circumstances, some of the test methods
and practices encountered problems with implementation and data interpretation. Although many of
these issues are known to many users, very little discusson isfound in literature. This chapter ligts dl
test methods and practices used in this study and the problems encountered in their use.

Test methods and practices common to both the impressed-current and galvanic CP systems are
discussed firdt. Thisisfollowed by adiscusson of methods used for impressed-current CP systems
and gdvanic CP systems.

2.1. Test Methods: Impressed-current and Galvanic Systems

The following test methods and practices common to both the impressed-current and galvanic CP
systems are described below.

2.1.1. Visual Survey

During each evauation, avisua survey of the section of the structure or component protected by the
CP system was performed. 1n some ingtances, avisud survey of control areas set up adjacent to the
protected area was also performed. All signs of corrosion-induced damage, concrete deterioration,
deterioration of anode material, and anomalies were documented. In some structures, access was
insufficient to conduct a visua survey of the entire cathodicaly protected area. In such structures, visua
survey was limited to accessble areas. Only the results of the visud survey that impact the long-term
performance of the system being evaluated are discussed in this report.

2.1.2. Delamination Survey

Sounding techniques using a hammer or achain were used to detect delaminations or disbondment of
the protected surface. In many instances, overlays were present and the hollow-sounding areas
detected could have resulted from corrosion-induced damage or dishondment of the overlay from the
origina concrete. When possible, cores were collected to differentiate between delamination and
disbondment. The results of the delamination survey are not discussed in the report if no hollow-
sounding areas were detected.



2.1.3. Electrical Continuity Testing

Three test methods that can be used to perform dectricad continuity testing. The most commonly used
technique isthe direct current (DC) method. The other two techniques are dternating current (AC)
measurement and the haf-cell technique.

In the DC method, resistance and the voltage difference between two embedded metals are measured.
When this technique was developed, there were concerns that the resistance measured could be
impacted by currents flowing between the embedded metas. To overcome the impact of these
currents, the method requires measurement of resstance in both directions. If no currents are involved
and the meter is exclusively measuring DC resstance, the resstance in both directions would be equd.
Under generdly accepted criteriafor the test method, it is required that the resistance measured in the
two directions not differ by more than 1 ohm and the voltage difference between the two points not
exceed 1 millivolt (mV). The maximum alowable vaue of the resistance measured in each direction is
dependent on where the measurement is made. When the DC technique is used directly on exposed
reinforcement, as is the practice during congruction of the CP system or condition evauation of the
dructure, the maximum alowable resstance in each direction is 1 ohm (some in the industry use a
criterion of 3 ohms). When the technique is used in an ingtaled CP system, and the wires connected to
the system grounds and the grounds of instruments such as the reference cells, current probes, null
probes are used for the resi stance measurement, the maximum alowable resstance in the each direction
is dependent on the run of the wires.

Although the basis for the evaluation criteriafor this technique is very sound, there are exceptions, such
as when this criterion fails to detect continuity. When currents generated by various sources such as
corrosion cdls or stray currents are present in the reinforcement system targeted for testing, the DC
technique fails to detect continuity. The presence of these currents results in the measurement of

res stance and voltage representative of the eectrica network associated with the current and the
resstance of the target embedded metals. This problem is most prevaent when electrica continuity
measurements using this technique are made in structures that are cathodically protected, are
experiencing very active corroson, have the presence of stray currents, or have some internal source of
current.

In this report, the primary concern is measuring eectrical continuity of eementsin cathodicaly protected
structures that have been de-energized. When a CP system is de-energized, the cathodically protected
reinforcement is depolarizing and trying to reach a able sate. In this condition, the DC techniqueis
very prone to impact by currents generated during the stabilizing of the sysem. Some systems dabilize
very quickly and DC dectricd continuity measurements produce vaid results within hours of the
system’s being de-energized, whereas some systems take more than 24 hoursto fully stabilize. Also,
after asystem is de-energized, corrosion cells may be initiated, depending on the corrosiveness of the
environment, resulting in corrosion currents’ flowing in the target dement. When anode materids such as
zinc are used for impressed-current



systems, if they are in contact with the stedl, dthough the system is de-energized, they will form a
gavanic couple with the stedl and produce currentsin the element that impact DC measurements.

At the gtart of this study, the DC technique was used exclusvely to detect continuity of system grounds
and the grounds of embedded instruments. As unexpected results were encountered, AC and haf-cdll
techniques were used in addition to the DC measurements to ascertain the presence or lack of
continuity.

In the AC technique, only one AC res stance measurement is made between the target e ements.
Similar to the DC technique, the maximum alowable AC resistance to sgnify the presence of continuity
is dependent on where it isused. As AC currents are cagpable of shorting through discontinuities when
an gppropriate capacitance is generated across the discontinuity, the AC res stance measurement may
incorrectly identify continuity when none exigts.

The half-cell technique is based on the concept that a reference cell will measure the same potentia (of
the same target area) even when different grounds are used, aslong as these grounds are dectrically
continuous. The technique requires that the potentid of the target area not differ by more than 1 mv
when various grounds are used to measure it in order for continuity to be present between the grounds
used inthetest. Thistechnique works only if the potentid of the target areais stable and not changing
with time.

2.1.4. The AC Resistance M easurements

The AC resistance measurements between anode and system ground were used to obtain circuit
resistance of the system and to detect the presence of shorts between the anode and the embedded
stedl protected by the CP system.

The AC resistance measurements between reference cells and their repective grounds were used to
identify mafunctioning reference cdlls. When the AC circuit resstance is very high, it may be indicative
of the failure of certain types of reference cells. High circuit resstance in conjunction with no response
by areference cdl to changesin CP current indicates a malfunctioning reference eectrode. High
resistance also makes the reference cell prone to noise pick-up and makes the measurement of
accurate potentid's somewhat difficult.

The Ontario Minigtry of Trangportation, which devel oped the voltage probe, recommends the use of
AC resstance measurement between the voltage probe and the system ground, as well as the voltage
probe and the anode, to determine its religbility.

2.1.5. Chloridelon Content Analysis

Core samples were collected from protected aress of the structures during one of the evaluations.
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Powdered concrete samples were collected from various depths in the cores and andyzed for total
chloride ion content in accordance with the standard test method prescribed by the American
Association of State Highway and Transportation Officials (AASHTO) T-260®, "Sampling and Testing
for Chloride lon in Concrete and Concrete Raw Materids." The results of the chloride ion content
andyss a the sted depth, when available, are presented in the text to provide some idea of the
corrogivity of the environment in which the cathodic protection system was operating.

2.2. Test Methods: |mpressed-current Systems

When the impressed-current systems were evauated, the as-found operating parameters were
documented first. These included measuring output voltage, output current, and back € ectro-magnetic
force (BEMF). In most rectifiers, meters are provided to measure the output voltage and the output
current. An externad meter was used to verify the accuracy of the metersin each rectifier. The output
Settings of each zone in each rectifier evauated were aso documented. This was followed by the
measurement of the instant-off potentias of al embedded reference cells and voltage probes present
and of currentsin current probes and null probes. After these measurements were recorded, the
system was de-energized.

Once the system was de-energized, dl anode, system ground, reference cell, reference cdll ground, null
probe, and current probe connections, as gppropriate, were removed from terminas connected to the
rectifier and the measuring insrument circuits. Subsequently, ectrica continuity testing and AC
resistance measurements were performed.  The connections were removed from the rectifier and the
indrumentation to ensure that the internd circuits of the rectifier and the instrumentation did not impact
the results of the tests.

Upon sufficient passage of time after the system was de-energized, static potentias of al embedded
reference cells and currentsin the current probes and null probes were measured.

After dl measurements were completed, the system was re-energized and rectifier operating
parameters were documented.  Adjustments to output current or other corrections were made, when
necessary, to some systems for which permission had been obtained.

In some systems, during certain evauations, one or more circuits were found to be powered off. In
such ingtances, al data to be collected while the system was de-energized were collected and, when
possible, the system was energized. Instead of measuring polarization decay, polarization development
was measured.

2.2.1. Instant-Off Potential M easur ement

There are severd methods for measuring instant-off potentials in impressed-current systems using
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embedded or externd reference cdls. Many rectifiers are equipped with instrumentation to measure
ingant-off potentials. In this study, dl ingtant-off potentids were measured using an externad meter and
one of the following two methods.

* Pesk-hold method
* Manud current interrupt method

When possible, the accuracy of the rectifier instrumentation in measuring ingtant-off potentias was
verified by comparing the measurements made using an externd multimeter with measurements obtained
with one of the methods listed above.

Before any measurements were made, an oscilloscope was used to identify the output waveform and
detect the presence of eectrica noisein the system. When necessary, the scope-null method was used
to verify the data obtained by the peak-hold method. When noise was detected, an attempt was made
to diminate it by the use of capacitors. Sometimes we were successful in diminating the noise. When
noise was detected and could not be eiminated, the manua interrupt technique was used. Also,
rectifiers with filtered outputs and no mechanism for interruption of the current required the use of the
manua method.

2.2.1.1. Pesk-Hold Method

In this technique, the ability of the multimeter to store the highest potentia measured by a reference cell
ina1-millisecond (ms) window isused. The highest potential measured by areference cell is expected
to occur when the current in the CP system momentarily goes to zero. In arectifier with unfiltered
output, the output current goes to zero when the AC cycle reverses polarity. In arectifier with afiltered
output, an interna current interrupter is used to interrupt the current for agiven period of time. The
pesk-hold function of the multimeter is used to measure the pesk potentid that signifies the instant-off
potentia of the reference cdll.

2.2.1.2. Manua Current Interrupt Method

In the manua method, the output current of the rectifier is interrupted manualy and the potentid
difference between the reference cell and the sted is measured 1 second after the power interruption
using amultimeter.

2.3. Test Methods. Galvanic Systems

The evauation of gdvanic systems was performed by measuring the CP current generated by the anode

and/or the polarization development and/or decay. The output current can be measured as a voltage
drop across aresstor connected between the anode and the system ground or as a current dengity of a
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rebar probe. Polarization devel opment and decay measurements are made using embedded reference
cells, rebar probes, and/or externd reference cdlls. The system must be equipped with aresistor or a
rebar probe for the current measurement to be made.

Many gdvanic systlems are equipped with rebar probes. Rebar probes contain a piece of reinforcing
sted with a known surface areathat is embedded in the concrete element to be protected. The rebar
probe is connected to embedded stedl viaafixed resstor. The resstor alows the measurement of
current received by the probe. When a switch or other mechanism isingtalled to alow the rebar probe
to be disconnected or connected to the structurd sted, it can be used for polarization development or
decay measurement. When arebar probe is used, the connection or disconnection of the rebar probe
to the structurd stedl does not impact the system operation. In Florida, where galvanic systems are
commonly used to protect marine bridge substructures, two rebar probes are often used adjacent to
one another. At any time, one probe is connected to the reinforcing stedl and the other isnot. During
evauation, the connected probe is used to perform depolarization (polarization decay) testing and the
other probeis used to perform polarization (polarization development) testing. When rebar probes are
not ingtalled, the system must be disrupted if polarization development or decay testing are done, and a
mechanism must be available to disrupt the system.



3.0. ZINC-BASED IMPRESSED-CURRENT CP SYSTEMS

3.1. Arc-sprayed Zinc

A totd of four arc-sprayed zinc-impressed-current CP systems were evauated. Two of these, the
Y aguina Bay Bridge and the Depoe Bay Bridge, were in asmilar environment and the other two, the
Queen Isabdlla Causeway and the Upper Sdt Creek Bridge, were in avery different environment.
Table 3-1 ligs pertinent information on the four CP systems.

Table3-1. Arc-Sprayed Zinc Impressed-current CP Systems

Year CP Area Average Chloride
Structure N_ame System Element(s) Protected Instrumentation Ageat Last lon Content at Steel
and L ocation Protected , Evaluation
Ingtalled (m?) Depth (ppm)*
Y aquina Bay 1996 Super- and 19,461 n?| 2 referencecellsper | 2 years NA
Bridge, substructure zone
Newport, OR elements
Queen Isabella 1997 Tiebeam & 127 n? |3 reference cells& 2| 13 months 317 at center
Causeway, footingsin null probes footing
South Padre bent
Island, TX
Depoe Bay 1996 Super- and 5600 n?|2 referencecells& 1| 2years NA
Bridge, substructure null probe per zone
Newport, OR elements
Upper Salt Creek 1988 Deck 302nt?| Potential wells 8years 278
Bridge,
Redding, CA

Note: Chloride ion content information was obtained from cores collected during this study.

NA - Not available
* parts per million

3.1.1. Yaquina Bay Bridge, Newport, Oregon

The higtoric Y aguina Bay Bridge was constructed in 1934 and carries northbound and southbound
traffic over Y aguina Bay in Newport, Oregon.

3.1.1.1. Structure Information

Theroadway is 8 meterswide and 994 m long. The substructure in each span comprises columns
supported by two arches running pardld to the bridge, one on each sde. The two ends of the arches
are supported by footers at each pier. Digphragm walls connect the two arches at aregular interval.
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In 1989, a corroson condition evauation of the structure revealed that the bridge deck wasin poor
condition and required extensive rehabilitation. Thirteen hundred square meters of delaminated
concrete were found. Corroson-induced damage was aso noted on the substructure eements.

3.1.1.2. CPInformation

Arc-sprayed zinc was applied to various superstructure and substructure elements. These included the
deck soffit, digphragm, columns, arches, and piers. Prior to the ingtdlation of the CP system, areas of
unsound and high-resigtivity concrete were removed and repaired with pneumaticaly applied mortar. A
very gringent qudity-control plan was enforced during the rehabilitation. All dements of the Structure
to receive CP were enclosed and the environment inside the enclosure was controlled. Control of
temperature and air quality was exercised to ensure good adhesion of arc-sprayed zinc to the concrete
surface.

The system contains 58 zones, 55 of which are monitored and controlled by 8 rectifierslocated on piers
4,6, and 9. Thefirst three zones have not been energized. Each of the 55 zones isinstrumented with a
graphite reference cdl and aslver-slver chloride reference cdll. Zones 4 and 8 have an additiona
graphite reference cdll, and zones 10 and 14 have an additiond slver-silver chloride reference cell.
Twelve null probes, 6 each, wereingtdled in zones 18 and 21. There is some confusion about the
location of one set of these null probes. Although, the rectifier label states that the null probes are
located in zone 16, the null probe wires are labeled zone 18 and the system ground of zone 18 is used
for the measurement. For the purpose of this report, it is assumed that the probes are located in zone
18. System ingalation was completed in 1996.

The rectifiers are equipped with remote monitoring units (RMUs). These units provide system-
operating parameter control and monitoring services, remotely or locally. Astheserectifiers are not
equipped with meters to directly read system-operating parameters, a portable computer must be
connected to the RMUs during field evauations.

3.1.1.3. Fidd Evduations

Evauations were performed on the following dates:

First evaluation September 26 and 27, 1996 <lyearold
Second evaluation September 17 and 18, 1997 ~1year old
Third evauation October 26 to 28, 1998 ~2yearsold

3.1.1.4. Findings

System Component Evauation



Electricd continuity between system grounds and reference cdl grounds, and between reference cell
grounds of the same zone were evauated. The results of the DC continuity testing indicate Sgnificant
lack of continuity, whereas more detailed andysis of AC continuity data suggests the presence of
continuity. When the DC and the AC data are andyzed together, only a couple of discontinuities are
observed out of the 400 measurements made in the three evaluations.

Theimpact of AC resistance on the performance of embedded reference cells has been atopic of
ggnificant discusson in theindustry. Task Force 29 Report - Guide Specifications for Cathodic
Protection of Concrete Bridge Decks?, prepared by the American Association of State Highway &
Transportation Officials-Association of General Contractors-American Road & Trangportation
Builders Association (AASHTO-AGC-ARTBA), requires that the AC resistance between reference
cdls and their grounds not exceed 10,000 ohms when embedded in concrete. As a significant number
of reference cdlswere ingdled on this Ste, asummary of AC resistance data for these cdllsis provided
intable 3-2.

Table3-2. The AC Resistance Between Reference Cdll and Reference Cell Ground

AC Resistance (ohms)
Reference No. of Sondard
Cell Type | Measurements |  Minimum Maximum Average andar
Deviation
Graphite 115 320 32,000 4912 2736
Siver-siver 115 740 76,000 9568 11,141
chloride

These data suggest that the average AC resistance was within the prescribed limits for proper reference
cdl operation. Of the 230 measurements, 7 for the graphite and 51 for the slver-silver chloride
reference cdll were in excess of 10,000 ohms. The impact of the higher resstance on the ability of the
reference cdlsto perform reliably could not be determined from data collected in this study. In generd,
the resstance of the reference dectrodes increased with time.

The current flow through the null probes was measured as a voltage drop across a 10-ohm resistor
provided in the RMU. It should be noted that the null probe did not have a separate ground and the
system ground was used for the purpose. During the first evaluation, zone 18 was not energized and
thus only the null probesin zone 21 were evauated. No null probes were tested in the second
evaduation. The datafor the null probesin zone 21 during the first evaluation shows the expected shift
in current when the CP system is powered off. Many of the probes exhibited reversal of current flow,
suggesting that the CP current was sufficient to shut off the macrocell current and provide a cathodic
current to the probes. During the third evauation, dl null probes had the same reading and did not
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exhibit any change with the power off. The reason for this behavior was not determined.

The AC resistance between the anodes and the system grounds measured for each zone varied from
0.18 t0 2.10 ohms, and averaged 0.49 ohms. These measurements are considered to be in the normal
range.

Severd zones during each trip were not powered up. It was learned that there was some problem in
powering up the zones after a depolarization test had been remotely conducted using the RMUs.

System Performance

Visud and delamination surveys were conducted in certain sections of two zones during the first
evauation. A snooper was required and one lane of the bridge had to be shut down. The closing of
the lane resulted in significant traffic backups and the research team was asked to avoid closing the lane
in future evaduaions. Thus, visud and ddamination surveys were not performed during the second and
third evaluations. A visud survey of the zinc surface indicated the formation of awhite product.
Andysis of the product by the Oregon Department of Trangportation (DOT) indicated that it comprised
zinc, chloride ions, and a smdl amount of sulfur. Some rust gaining was observed in one area where no
repairs were performed on cracks. No delaminations were noted in the areas tested.

Theingdlation of the first 15 zones was not completed at the time of the first evduation and thus these
zones could not be evauated. The firgt three zones were never energized. The remaining 12 zones
were ingtaled and energized by the second evauation. One zone during the second eva uation and six
zones during the third evaluation were observed to be powered off. It was later determined that some
problems had been experienced in setting the output currents to these zones using the RMUs.

The true root mean square (TRMS) value of al rectifier output current and voltages was measured
using an externd multimeter. With afew exceptions, dl zones were set to the same output current.
During the first evaluation, the measured output current averaged 0.54 amps (A), with a sandard
deviation of 0.08 A. Similarly, during the second eva uation, the measured output current averaged
0.52 A, with a standard deviation of 0.02 A. During the third evaluation, 5 of the 55 zones were
observed to be at a much higher current output than the remaining 50 zones. The measured output
current for the remaining 50 zones averaged 1.00 A, with a standard deviation of 0.21 A. The output
current for two of the five zones ranged from 10.00 to 11.00 A, and the other three zones were
measured at 1.79 A. A summary of current densitiesis provided in table 3-3 below:



Table 3-3. The Current Density of Concrete Surface Area During Each Evaluation

| No. of Current Density (mA/m?) of concrete surface area
Evalualion |\ easurements Minimum Maximum Average Standard
Deviation
First 39 0.93 2.55 1.36 0.35
Second 54 0.90 1.82 1.23 0.24
Third 49 1.38 37.09 4.19 7.68

The average current densities presented in table 3-3 are sgnificantly lower than the generdly
recommended range of 10.75 to 16.13 mA/n?. The output voltages were in the acoeptable range.

The BEMF and the instant-off potentials were measured using the soft interrupt provided in the rectifier.
A laptop computer was connected to the rectifier and a command was sent from the laptop computer
to the rectifier for current interruption. Upon receipt of the command, the rectifier momentarily
interrupted the output current. The peak-hold technique was used to measure the BEMF and the
instant-off potentials. Prior to use of the peak-hold technique, a portable oscilloscope was used to
verify the BEMF and ingtant-off measurementsin the first few zones during the firdt trip.

Twenty of the 39 BEMF measurements made during the first trip were less than 500 millivolts (mV)
and 4 of these were closeto zero. A low BEMF can imply ether insufficient CP current or a near
short, and azero BEMF can imply ashort. Eleven of the 20 zones with the low BEMF measurements
did not meet the 100-mV depolarization requirement in 24 hours. One of the zones exhibited negative
depolarization. No BEMF measurements were made during the second evduation. In the third
evauation, only two zones had BEMF less than 500 mV, one of which till did not meet the 100-mV
depolarization criteria. 1t should be noted that the output current during the third evaluation was
approximately double the output current during the first evaluation and may have resolved the low
BEMF measurements for zones experiencing insufficient current during the first evduation. Also, near
shorts in an impressed-zinc system may be diminated with time due to excessive consumption of zinc in
that area. At least one zone is probably experiencing anear short or a short.

Depolarization data do not exhibit expected behavior. Only in 11 zones did depolarization measured
by both reference dectrodes exceed the 100-mV criterion and increase with an increasein current. In
18 zones, the average depolarization exceeded 100 mV, but one or more reference cell(s) exhibited a
decrease in depolarization with an increase in current. There were 31 zones in which one or more
reference cdl(s) did not meet the 100-mV requirement in one or moretrips. Either the current density
was not sufficient and/or input/output (10) measurements contained errors from spikes that were
picked up during measurement.
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3.1.15. Conclusons

All components of the system were functioning normally. The current outputs of most zones needed to
be increased to obtain sufficient CP. If the system were continuoudy operated at these low current
dengties, then it would not be expected to provide complete protection and some corrosion-induced
damage would be expected in the future.

3.1.2. Queen Isabella Causeway, South Padre Idand, Texas

The Queen Isabdla Causeway bridge structure on Park Road (PR) 100 links South Padre Idand to the
mainland of Texas at Port I1sabel and spans the Laguna Madre.

3.1.2.1. Structure Information

The 4.0-km-long structure carries four lanes of traffic going east/west. It comprises 150 spans, 3
continuous sted! plates, and 147 smple prestressed concrete girder spans. The spans are supported by
150 bents that are numbered from 1 to 150 from west to east. Construction of this structure was
completed in 1973.

In 1997, a corrosion condition eva uation was conducted for the tie beams and footings located in bents
19 through 24. The footings exhibited cracks and spals, the mgority of which were located on the
south footings. Spalls were mosily located on the Sdes of the footings. Cracking was the predominant
mode of deterioration on thetie beams. The concrete cover depth ranged from 71 to 121 mm for the
tie beams and from 58 and 108 mm for the footings. A corrosion potentid survey of the members
reveded afew areas where the potentials were more negative than -350 mV copper sulfate eectrode
(CSE). These areas were typicaly found in the proximity of cracks or construction joints.

3.1.2.2. CPInformation

The tie beam and the three footings in bent 19 were protected with impressed-current arc-sprayed zinc.
The entire surface of the tie beam and the footings was sprayed with zinc, with the exception of the
bottom surface of the footings, covering approximately 127 n of concrete surface area. The
ingrumentation conssted of three slver-slver chloride reference cells and two null probes. Two
reference dectrodes were embedded in the footings and one reference e ectrode was embedded in the
tie beam. One null probe wasingdled in one of the footings and the other was ingaled in the tie beam.

Prior to the application of the anode, spalls and cracks were repaired and the concrete surface was
sandblasted. The system was energized on October 7, 1997.



3.1.2.3. FHdd Evauations

Data were collected during energization of the systlem and subsequently field evauations were
performed on the following dates.

Energization October 7, 1997

First evduation December 17 and 18, 1997 2 months old

Second evauation February 9to 11, 1998 4 months old
Third evauation April 1to 3, 1998 6 months old
Fourth evduation June 3t0 6, 1998 8 months old
Ffth evduation November 9to 12, 1998 13 months old

The energization of the system was performed by the contractor.
3.1.24. Findings
System Component Evduation

Data collected during energization indicate that al system components were responding well, with the
exception of reference cell 1. The other two reference cdlls exhibited increased polarization with an
increase in output current, and the null probes also experienced an increase in current flow with an
increase in output current. The flow of current reversed in the null probes as the cathodic current was

applied.

Electrica continuity testing was performed at the rectifier usng DC and AC techniques. Continuity
testing was performed during the depolarization test when the power to the system was off. It was
performed between the grounds of reference eectrodes in each zone and between the grounds of
reference dectrodes and the system ground of the subject zone. 1t should be noted that al
measurements were made at the rectifier, which was ingaled at one end of the bridge. The bent was
located a a sgnificant distance from the end of the bridge and the lengths of the wires connecting the
zone to the rectifier were in excess of aquarter of amile.

The reference cell ground of reference cdll 1 was found to be discontinuous and the reference cdll was
observed to be ungtable in dl five evduations. The null probes performed well and often exhibited
reversd in current flow when the cathodic current was terminated and/or exhibited reduction in current
flow when the system was powered down.

Accurate measurement of ingtant-off potentia was made difficult by the presence of eectrica noise or
current flow in the system. The peak-hold method could not be used to collect instant-off data.
Manud interrupt had to be used. Even during manud interrupt, an externd dectrica signa could be
observed on the oscilloscope. In two out of the five evaluations, accurate instant-off potentials could
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not be obtained.

The AC resistance between the reference eectrodes and the reference cdll grounds for dl three
electrodesin dl five evaluations was equal to or less than 10,000 ohms. The AC resistance between
the anode and the system ground averaged 5.16 ohms.

System Performance

On bent 19, which was protected with impressed-current zinc, an approximately 0.1-m-wide band of
whitish products was observed at the bottom of the side faces of the footings. This band of whitish
products indicates accelerated consumption of the sprayed zinc coating at the location.

The rectifier output voltage and BEMF were observed to be in the acceptable range, and the average
concrete current density for the three field evaluations ranged from 11.65 to 24.57 mA/n?. The
average was 15.15 mA/n?. Polarization decay for all operating embedded reference cells averaged
152 mV in 4 hours.

3.1.25. Conclusons

With the exception of one reference eectrode, al other system components were performing
adequatdly. Depolarization test results exceeded the 100-mV criterion for the two operating reference
cdls. The null probes indicated that the current supplied by the CP system was adequate to overcome
the corrosion current in the protected area. The band of whitish products at the bottom of the side
faces of the footers suggested that at high tide when this section of the footers was submerged, current
leaked from the anode to the bay water. Such current leaks result in accelerated consumption of the
anode in the affected aress.

3.1.3. Depoe Bay Bridge, Newport, Oregon

The Depoe Bay Bridge carries northbound and southbound traffic of Pecific Highway 101 over Depoe
Bay in Newport, Oregon.

3.1.3.1. Structure Information

The arch bridge was built in 1926 and was widened in 1939. The bridge has four lanes, with atota
length of 99 m and a 15.2-m-wide roadway.

3.1.3.2. CPInformation

In 1996, arc-sprayed zinc was ingtaled on the sdewalk soffit, sdewalk brackets and beams, deck
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soffit, longitudina deck girders, transverse deck beams, arch ribs, struts, and columns of the Depoe
Bay Bridge. Three rectifiers control 14 zonesfor atota protected area of 6032 n?. Sprayed zinc was
applied in zones 1 through 13, for an gpproximate total zinc-protected area of 5600 N7

Zones 1 through 13 are instrumented with a graphite reference cell and a silver-silver chloride reference
cdl. Every zoneisingrumented with anull probe.

Delaminated concrete was removed and repairs were performed using shotcrete before the CP system
wasingdled.

3.1.3.3. FHdd Evauations

Evauations were performed on the following dates:

Firg evauation September 28 and 29, 1996 <lyea old
Second evauation September 19 and 20, 1997 ~1yearsold
Third evduation October 27 and 28, 1998 ~2yearsold

3.1.34. Findings
System Component Evduation

Three fidd evduations have been conducted on this system. The last evauation was conducted after
the system had been in service for about 2 years. At thetime of the first evaluation, the arc-sprayed
zinc had been shorted to the reinforcing steel and was functioning sacrificidly because the rectifiers had
not been ingdled. The rectifiers were found to have been ingaled during the second evaluation, but
some measurements could not be obtained for cabinet 1 since it was not accessible. During the third
evauation, the zones controlled by cabinets 1 and 2, with the exception of zone 1, were found to be
de-energized.

Electrica continuity testing of the reference cell grounds to the system grounds and of the reference cdll
grounds to the reference cdll grounds indicated that the reference cdll grounds of both cdllsin zone 3
and the slver-slver chloride reference cell in zone 13 were discontinuous.

In generd, the AC resistance between the reference cell and its ground for the slver-slver chloride
reference cdlls were found to be much higher than the graphite reference cdlls. The AC resstance
between the slver-slver chloride reference cell of zone 4 and its ground was 92,000 ohms. The AC
resistance for the graphite reference eectrodes averaged 2873 ohms and the slver-silver chlorides
averaged 19,337 ohms, excluding the one measuring 92,000 ochms.

During the second evauation, null probe measurements could only be taken from cabinet 2, which
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controls zones 6 through 10. The null probe currents either reversed or went to zero upon
de-energization. Similar behavior was noted for zones 11 through 13 during the third evaluation. The
current flowing through the null probes for the zonesin cabinet 2 during the third evaluation was positive
when the system’ s power was off. The currents decreased when the system was powered up, but did
not reverse, indicating that the cathodic current was not sufficient to overcome corrosion currents.

Information from Oregon DOT indicated that some problems were being experienced in setting
operating parameters usng the RMUs. These monitoring units were smilar to the ones at Y aquina Bay
Bridge.

System Performance
The output voltage and BEMF measurements were in the acceptable range. The anode to system
ground AC resistance averaged 0.42 ohms during the first evauation and 0.52 ohms during the third
evauation.
The average current density for the operating zones was 1.21 mA/n? during the second evauaion and
1.46 mA/n? during the third evaluation. The average depolarization for zones 5, 6, and 11 did not
exceed 100 mV; al other zones exceeded 100 mV during the second evauation. During the third
evauation, depolarization did not exceed 100 mV in three of the four operationd zones.
3.1.35. Conclusons
With the exception of two discontinuities, all other components of the system were operationd. Dueto
problems with the RMUSs in setting the output parameters, the system was not operating continuoudy

and was not providing protection aswould be desired. Also, the operating current densities were not
aufficient to overcome the ongoing corrosion in the bridge eements.

3.2. Zinc Strip

3.2.1. Upper Salt Creek Bridge on Southbound I-5, Redding, California
The Upper Sdlt Creek Bridge carries southbound 1-5 in Redding, California
3.2.1.1. Structure Information

The bridgeis 11.4 m long and 3.6 m wide, with a deck surface area of 446 n?. Consgtruction of the
Upper Salt Creek Bridge was completed in 1966.
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3.2.1.2. CPInformation

A metdlized zinc CP system was ingtdled on the southern haf of the bridge deck (zone 1) on atotd
surface area of 223 n? in 1998.

The metdlized zinc systlem comprises agrid of 150-mm-wide and 0.61-mm-thick arc-sprayed zinc
srips at 300 mm on center. The zinc strips were sprayed on the prepared concrete deck surface. The
power connection to the zinc strips was achieved with brass pads ingtaled flush with the concrete
surface and in contact with the arc-sprayed zinc strips. A 110-mmi-thick asphalt concrete overlay was
then placed on the deck.

There were no embedded reference cells or rebar probes ingtalled in the system. However, potential
wells were ingdled on the bridge deck to facilitate potentid measurements using an externd reference
electrode. A congtant voltage rectifier was used to power the system.

3.2.1.3. Fidd Evduations

Evauations were performed on the following dates:

First evaluation October 31 to November 4, 1994 ~6yearsold
Second evauation November 26 and 27, 1996 ~8yearsold

3.2.1.4. Findings

System Component Evduation
No instrumentation was ingtdled in this sysem. A visud survey of the potentid wellsindicated that
water was collecting under the asphalt overlay and shorting the potentid wells with the zinc anode.
Thus, the wells could not be used to measure potentid of the embedded sted.

During the second eva uation, the system was found to be powered off. The power to the system was
turned on and rectifier data were collected.

System Performance

The concrete current density during the first evaluation was 2.2 mA/n? and the output voltage and
BEMF were in the acceptable range.

3.2.15. Conclusons

The performance of this system could not be judged based on the data available. The concept of
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ingalling potentia wells was a good one, but the wells were not isolated properly from the anode.
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4.0. TITANIUM-BASED IMPRESSED-CURRENT CP SYSTEMS

4.1. Titanium Mesh Anode

Five CP sysemsingaled on highway structures using titanium mesh as an auxiliary anode were

included in thisstudy. Three of the systems were ingtaled on bridge decks, one on the underside of a
roadway in atunne and one on bridge substructure eements. Table 4-1 ligts pertinent information on
these five CP systems.

Table4-1. Titanium Mesh Impressed-current CP Systems

StructureName | Year CP Element Area Instrumentation | Ageat Last | Average Chloridelon
and L ocation System | Protected | Protected Evaluation Content of Steel
Installed Depth (ppm)
Wawecus Hill 1992 Deck 1124 n? | 1reference cell & 7 years 875
Road Bridge, 1 null probe per
Norwich, CT zone
Brooklyn Battery 1992 Underside | 10332n?| 4referencecdls 6 years 4170 top mat
Tunnel, of roadway per zone 515 bottom mat
New York, NY slab
Columbia Road 1986 Deck 985n? | 3referencecells& | 12 years NA
Bridge, 4 current probes
Westlake, OH
6" Street Bridge, 1991 Deck 1515n? | 1referencecell 6 years 239
Sioux Falls, SD per zone
Queen Isabella 1997 Tiebeam & 127 n? | 3referencecells& | 13months | 1132 inthefooting
Causeway, South footingsin 1 null probe
Padre Island, TX bent

NA - not available.

Note: Chloride ion content information was obtained from cores collected during the study.

4.1.1. Wawecus Hill Road Bridge Over 1-395, Norwich, Connecticut

The Wawecus Hill Road Bridge carries eastbound and westbound traffic over 1-395 in Norwich,

Connecticui.

411.1. Structure Information

The bridge comprises four smple spans, with atotd length of 92.8 m. The bridge has a skew angle of
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approximately 57 degrees and atota width of 13.9 m (two 6-m-wide travel lanes and two 0.86-m-
wide sidewalks). Construction of the bridge was completed in 1958. In August 1990, a condition
evauation of the structure revealed that the bridge deck was in poor condition and required extensive
rehabilitation.

41.1.2. CPInformation

Deteriorated concrete was removed by hydro-demoalition and a monolithic low-dump dense concrete
pour was used to patch the deteriorated areas and place an overlay. The thickness of the concrete
placement varied from 40 mm to full depth. The titanium mesh anode was placed between the
hydro-demolished surface and the overlay. A plagtic Spacer mesh was used to isolate the titanium mesh
from the reinforcing sted exposed by hydro-demoalition.

The CP system was subdivided into four individua zones, each zone had one span. A tota deck
surface area of 1124 ¥ was protected by the CP system. In sections of the deck where additional
steel was required, epoxy-coated rebars were used. The epoxy-coated rebars were made continuous
to the black stedl. Each zone was instrumented with two Slver-slver chloride reference cdlls and two
null probes. The system was ingtdled and energized in 1992.

4.1.1.3. FHdd Evaduations

Evduations were performed on the following dates:

First evaluation July 6 and 7, 1995 ~3yearsold
Second evauation June 18, 1997 ~5yearsold
Third evauation July 29 and 30, 1999 ~7yearsold

4.1.1.4. Findings

System Component Evauation

The DC dectricd continuity test data for each evauation exhibited discontinuity. Electricd continuity
data obtained during the last two evauations using the AC and the haf-cdll potentid method suggest the
presence of dectrica continuity.

The AC resistance measurement between the reference cells and their respective grounds indicated that
onereference cdl in zone 1 had AC resistance in excess of 100,000 ohms throughout the study, and
the resstance of the other reference cdll in the same zone increased with time to Smilar levels. Such
high resistances can cause an error in potentia measurement due to pickup of eectrical noise. The AC
resstances for the remainder of the reference cells were within the AASHTO-prescribed limits, with the
exception of one reference cell in zone 4 and one in zone 3, which exhibited resstances in excess of
10,000 ohms at times.

4-2



Three of the eight null probes were not functiona. One had a broken wire and two others had shorts.
The remaining null probes exhibited reversal of current flow when the system was powered down.

The readings taken from the rectifier meters were in good agreement with the external meter used to
vaidate them.

System Performance

No corrosion-induced deterioration was observed on the top or bottom surfaces of the deck. Hollow-
sounding areas were detected over less than 0.1 percent of the top deck surface. It is suspected that
the hollow-sounding areas resulted from disbondment of the overlay.

The average concrete current density for the three eva uations ranged from 8.61 to 12.06 mA/n?. With
the exception of zone 1, adl other zones were running at a current dendity lower than the generaly
recommended 10.75 mA/n?. The anode-to-sted AC resistance averaged 0.66 ohms for al zones and
the output voltage and BEMF were in the acceptable range.

In generd, the 100-mV polarization decay criterion was met for al zones. Some fluctuationsin
polarization decay for zones 1 and 3 were noted. Reference cdll 2 in zones 1 and 3 did not meet the
100-mV criterion in two of the three evauations. Depolarization measurements made with externa
reference cdlsin potential wells also exceeded 100 mV. The null probe data suggest that the system is
putting out sufficient current to reverse the macrocell in areas where the null probes are located.

4.1.1.5. Conclusions

With the exception of the three null probes, al other components were functioning properly. The
system was providing adequate protection for the reinforcement.

4.1.2. Brooklyn Battery Tunnd, New York, New York

The Brooklyn Battery Tunnel, built beginning in 1940 and completed in 1950, connects Battery Park in
lower Manhattan with the Red Hook section of Brooklyn.

4.1.2.1. Structure Information

The Brooklyn Battery Tunnel consists of two parald tubes that are 2780 m long between the entrance
and exit portas. Each tubeis 9.5 min diameter and is subdivided into three conduits by a roadway
dab and aceling dab. The lower conduit serves as afresh air duct, the middle conduit serves asthe
roadway, and the upper conduit serves as the exhaust duct. The roadway dab is 6.1 m wide and 360
mm thick. Thetop surface of the roadwa